Participation of nitric oxide (NO) in the autonomic innervation of rat and guinea pig hearts was investigated by applying the NADPH diaphorase technique and immunohistochemistry with NO synthase antiserum. We present evidence that NO synthase is localized in cardiac ganglion cells and nerve fibers innervating the sinuatrial and atrioventricular nodes, the myocardium, local neurons, coronary arteries, and pulmonary vessels, suggesting an involvement of NO in neurogenic heart rate regulation, myocardial cell function, neuronal transmission in cardiac ganglia, and coronary as well as pulmonary vasodilation.
N itric oxide (NO) derived from endothelial cells plays an important role as a coronary vasodilator.1 NO is generated from the amino acid L-arginine by NO synthase (NOS), which has been shown to be identical with neuronal NADPH diaphorase.23 NOS is known to be present in neurons of the central as well as of the peripheral nervous system. 4 The question arises whether NO is released not only from endothelial cells but also may serve as a nonadrenergic, noncholinergic neurotransmitter in cardiac innervation. Applying the NADPH diaphorase technique5 and immunohistochemistry with NOS antiserum, we examined the occurrence of NOS in nerve fibers of the rat and guinea pig heart. A possible coexistence of NOS with tyrosine hydroxylase (TH), the rate-limiting enzyme of catecholamine synthesis that is present in the major population of sympathetic fibers, or with substance P (SP), a neuropeptide in cardiac small-diameter primary sensory fibers of vagal and spinal origin,6 was investigated by double-labeling immunofluorescence.
Materials and Methods
The hearts of five adult guinea pigs (perfusion fixed, 4% paraformaldehyde) and five adult rats (immersion fixed, same fixative) were removed, including the proximal part of pulmonary vessels and the ascending aorta. The ventricles were separated from the atria, and the area of the right atrium containing the sinuatrial node and the region of the atrioventricular node (in the membraneous part of the hearts) were dissected. Tissues were shock-frozen and cut on a Reichert-Cryostat at 14 ,um. Twenty sections of each sample were used for immunofluorescence, and approximately 50 sections of each sample were processed for demonstration of catalytic activity of NOS. This was achieved by incubating sections in 1 mM NADPH, 0.2 mM nitro blue tetrazolium, and 0.2% Triton X-100 in 0.1 M Tris-HCl at pH 7.2 for 30 minutes at 37°C (NADPH diaphorase technique).
Double-labeling immunofluorescence was performed using a polyclonal rabbit antiserum against NOS purified from porcine cerebellum7 (diluted 1:1,500) in combination with either a mouse monoclonal antibody against SP8 (code 31, diluted 1: 800) or a mouse monoclonal antibody against TH (code MR3, diluted 1:20, Boehringer Mannheim, FRG). Preabsorption of the diluted antiserum with 20 ,g/ml of the purified antigen completely abolished the specific immunoreaction (Figure la). In additional experiments, the primary antiserum was replaced by nonimmune serum (Figure lb ) and by phosphate-buffered saline, with both tests also indicating the specificity of the NOS immunoreaction in the investigated tissues. After incubation with primary antisera for 18 hours, an anti-rabbit immunoglobulin G conjugated to fluorescein isothiocyanate (1 hour, diluted 1:120, Wellcome, Beckenham, UK) combined with a biotinylated anti-mouse immunoglobulin G (1 hour, diluted 1:50, Amersham, Braunschweig, FRG) was applied to demonstrate simultaneous NOS with SP or TH immunoreactivity. Biotinylated secondary antibodies were detected by Texas Red conjugated to streptavidin (1 hour, diluted 1:50, Amersham). Slides were evaluated using a Polyvar microscope (Reichert Jung GmbH, Nussloch, FRG) equipped for bright-field and epifluorescence microscopy. Texas Red was visualized by a Gl module (excitation filter, BP 546/10; barrier filter, LP 590) and fluorescein isothiocyanate with a B2 module (excitation filter, BP 455-490; barrier Morphometric studies were carried out on three hearts of each species processed for NADPH diaphorase histochemistry. One hundred sections of coronary arteries of each heart, distinguished by their epicardial or intramyocardial location, were examined for positive fibers and terminals surrounding the vessel wall, and 100 cardiac ganglion cells of each heart were counted in subepicardial as well as interatrial ganglia. The proportion of positive neurons and the number of neurons innervated by positive nerve terminals were determined. Numbers are presented as mean±SD for each group (n=3). Results
NADPH Diaphorase Histochemistry
Blood vessels. In the hearts of both species, the NADPH diaphorase reaction strongly stained the en-docardium and endothelial cells of pulmonary vessels, aorta, coronary arteries, and arterioles (Figures 1d, 2 , and 3). Coronary arteries were innervated in 33 +4% of rat and 28±7% of guinea pig epicardial sections. Intramyocardial arteries were surrounded by positive nerve terminals in 13±4% of rat and 9+3% of guinea pig sections. The trunk of the pulmonary artery and, in particular, the pulmonary veins were densely innervated. NADPH diaphorase-positive fibers entered the muscle layer of pulmonary veins (which consists of cardiomyocytes), reaching the subendothelial connective tissue (Figure 2 ).
Conductive tissue. A dense fiber plexus was detected in the area of the sinuatrial and atrioventricular nodes, which were distinguishable from the adjacent myocardium by their lower content of myofibrils. Elongated positive structures with coarse processes were visible preferentially close to the conductive tissue ( Figure 4 ). Ganglion cells. In subepicardial and interatrial ganglia as well as in ganglia along pulmonary veins, 4+2% of rat and 36±8% of guinea pig neurons exhibited a strong positive NADPH diaphorase reaction (Figures Am. ld, 2, and 5). In rats, none of the positive but 7-5% of the negative neurons showed nerve terminals surrounding them. In guinea pigs, positive varicosities formed baskets around 53+1% of the positive and 58+14% of the negative neurons. Most of the neurons scattered intramyocardially in the area of the atrioventricular node were stained in guinea pigs, but none were stained in rats.
Myocardium. Some fibers running parallel to myocytes were seen in the right as well as in the left atrial myocardium, and even less numerous fibers were seen in the ventricular muscle.
NOS Immunohistochemistry
NOS immunoreactivity and the NADPH diaphorase technique showed identical results in all 50 sections examined (Figures lc and Id) . Positive nerve terminals surrounded coronary arteries (Figure 6 ), and numerous fibers were seen in the conductive tissue (Figure 7) . Some cardiac ganglion cells immunoreactive to NOS were surrounded by terminals positive for SP or NOS ( Figure 8 ). Double-labeling immunofluorescence revealed no colocalization of NOS with SP or TH immunoreactivities (Figures 9 and 10 ).
Discussion
The results present evidence of NOS in nerve fibers approaching conductive cardiocytes, myocytes, and cardiac ganglion cells as well as coronary arteries and pulmonary vessels in the rat and guinea pig. Therefore, it is very likely that NO acts as a neuronal messenger of cardiac nerves innervating vascular smooth muscle, intrinsic neurons, and cardiocytes, including extracardial myocardium of pulmonary veins.
NOS-immunoreactive local cardiac neurons, generally considered to be postganglionic parasympathetic, may constitute the source of cardiac nitrergic nerve fibers. Especially in rats, which exhibited NOS in only 4% of cardiac ganglion cells, an additional sensory origin of these fibers cannot be excluded, because NOS-immunoreactive neurons were observed in spinal and vagal sensory ganglia.9 In guinea pigs, but not in I. is.l. rats, NOS immunoreactivity has been detected in cervicothoracic sympathetic ganglia."'1 However, a noradrenergic source of NOS-positive nerves in guinea pig hearts is unlikely, since those fibers did not reveal colocalized TH. Moreover, NOS was not found in TH-containing postganglionic sympathetic neurons.i0 SP-immunoreactive nerve terminals closely associated with NOS-positive ganglion cells indicate a role of this neuropeptide in the regulation of intrinsic neuronal activity. There is strong evidence that these neurons are cholinergicll,2 and that they innervate the atrial myocardium, in particular the sinuatrial and atrioventricular nodes.13We have found particularly numerous NOSimmunoreactive fibers and terminals in the conductive tissue. Therefore, it may be speculated that NO is involved in the intrinsic control of heart rate.
Though only scattered fibers were detected in the ventricular myocardium, NO release from these nerves may also affect heart inotropism.
The presence of numerous fibers in the wall of pulmonary veins, around the pulmonary artery and coronary arteries, suggests a vasodilatory effect of NO released from these nerves. Other blood vessels receiving autonomic vasodilator innervation, like the arteria uterina and arteria colica sinistra, are also innervated by NOS-positive nerve fibers.14 Such a direct influence of NO on vascular smooth muscle may be more significant than the well-known mechanism of acetylcholine-induced vasodilation via release of NO by endothelial cells.'5 The demonstration of NOS in perivascular nerve fibers presents a morphological correlate for the observed vasodilation of the pulmonary artery mediated by NO in the absence of endothelium.16
